Introduction
Human T-cell lymphotropic viruses type 1 (HTLV-1) and type 2 (HTLV-2) are closely related human complex deltaretroviruses. Infection with HTLV-1 has been linked to the development of adult T-cell leukemia/ lymphoma (ATL/ATLL), a clonal aggressive malignancy of CD4 þ T lymphocytes. HTLV-1 infection is endemic in Japan, Africa, South America, and the Caribbean basin. Intriguingly, HTLV-1 also is the causative agent of a distinct neurological disorder termed HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (for review see Green and Chen, 2001 ). HTLV-2 was first identified in a T cell line established from a patient with hairy-cell leukemia (Saxon et al., 1978) . In addition, HTLV-2 infection has been associated with sporadic cases of a myelopathy resembling HAM/TSP (Hjelle et al., 1992; Dooneief et al., 1996; Murphy et al., 1997) , but has not been clearly linked with the development of lymphoproliferative disorders. HTLV-2 infection is highly concentrated in Central and West Africa (Gessain et al., 1993; Goubau et al., 1993) , native Amerindian populations in North, Central, and South America (Hjelle et al., 1990; Lairmore et al., 1990; Heneine et al., 1991; Levine et al., 1993) , and among cohorts of intravenous drug users (IVDUs) in the United States and Europe (Tedder et al., 1984; Robert-Guroff et al., 1986; Lee et al., 1989; Khabbaz et al., 1991; Toro et al., 2005) .
HTLV-1 and HTLV-2 have a similar genome structure and share approximately 70% nucleotide sequence homology. In addition to the essential viral genes gag, pol, and env, HTLV-1 and HTLV-2 encode regulatory and accessory genes from pX region open reading frames (ORFs) found in the 3 0 portion of the viral genome (Figure 1 ). ORFs IV and III encode the Tax and Rex regulatory proteins, respectively. Tax acts in trans to activate transcription initiating from the viral promoter in the U3 region of the long terminal repeat Chen et al., 1985; Felber et al., 1985; Fujisawa et al., 1985; Seiki et al., 1986; Ross et al., 1997) and Rex regulates viral gene expression post-transcriptionally by facilitating the cytoplasmic expression of the incompletely spliced viral mRNAs (Younis and Green, 2005) . HTLV-1 ORFs I, and II encode the accessory proteins p12/p27 and p13/p30, respectively, whereas the HTLV-2 ORFs I, II, and V encode the p10, p28, and p11 accessory gene products, respectively. The functional roles of these proteins in HTLV biology are not clearly understood. However, studies have indicated that they are dispensable for infection and transformation of activated T cells in vitro (Green et al., 1995; Derse et al., 1997) , but are important for the ability of the virus to infect, spread, and persist in vivo (Cockerell et al., 1996; Collins et al., 1998; Bartoe et al., 2000; Silverman et al., 2004) . This review will discuss important aspects of HTLV biology highlighting differences between HTLV-1 and HTLV-2. It will emphasize studies investigating the transforming potential of HTLV-2 and the Tax-2 oncoprotein with appropriate comparisons to HTLV-1.
HTLV experimental system
Since their discovery, experimental assay systems for the study of HTLV have been complicated by the poor replication of these viruses in culture as compared to the avian and murine retroviruses, as well as HIV-1. Although a reliable infection-based animal model of disease for studies of HTLV pathogenesis is lacking, transformation of primary T lymphocytes represents a widely accepted experimental system for exploring the early events associated with malignancy. HTLV has been a difficult virus to work with for a number of reasons. First, cell-free infection by HTLV is very inefficient and efficient infection of cells requires cocultivation of peripheral blood mononuclear cells (PBMC) with irradiated HTLV-producer cells. Secondly, although HTLV has the capacity to infect a number of cell types including T cells, B cells, endothelial cells, glial cells, and monocytes of both human and nonhuman origin (Ho et al., 1984; Hoffman et al., 1984; Akagi et al., 1992; Koyanagi et al., 1993) , the only cells susceptible to HTLV transformation are primary T lymphocytes. For the context of this article transformation is defined as continuous growth in the absence of exogenous IL-2; immortalization is defined as continuous IL-2-dependent growth. Transformed cells typically are evident microscopically as refractile cell clusters within 7-10 weeks of cocultivation. However, establishment of hearty IL-2-independent transformed cell lines usually requires months in culture. Lastly, the isolation, amplification, and manipulation of HTLV infectious DNA clones are not trivial due to problems of viable plasmid growth and amplification in bacteria.
Over the past 25 years, experimental studies have focused on dissecting functions of the HTLV gene products. Initial HTLV studies were restricted to examination of infected patients, overexpression of individual viral genes using reporter assays in cell lines, or characterization of infected cell lines or animals using viral isolates obtained directly from patients. Although these types of studies have been very informative, the understanding of HTLV biology and pathogenesis has benefited further from the isolation and manipulation of proviral clones capable of generating infectious virus, and the development and refinement of methodologies for characterization of these clones in primary human T lymphocytes and relevant animal models. It is important to note that HTLV gene structure function studies in the context of a replicating virus were first performed in HTLV-2 due to the availability of an HTLV-2 infectious molecular clone (Chen et al., 1983 ) over a decade prior to HTLV-1 (Kimata et al., 1994; Derse et al., 1995) .
HTLV cellular transformation and pathogenesis
Although HTLV-1 and HTLV-2 display distinct pathogenic properties in vivo, both viruses infect and transform primary human T cells in cell culture. The basis for HTLV-mediated cellular transformation is not completely understood, but clearly involves the viral transactivator protein Tax. Tax displays oncogenic potential in several experimental systems including the morphological transformation of rodent fibroblasts, induction of tumors in transgenic animals, and Herpes samiri vector immortalization of human T cells (Nerenberg et al., 1987; Tanaka et al., 1990; Grassmann et al., 1992; Yamaoka et al., 1992; Grossman et al., 1995) . More recently, studies using infectious molecular clones showed directly that a functional Tax is essential for HTLV-1-and HTLV-2-mediated cellular transformation of primary human T cells (Ross et al., 1996; Robek and Ratner, 1999 ). The precise mechanism by which Tax initiates the malignant process is unclear, but is proposed to involve several points of transcriptional and post-transcriptional dysregulation in the infected T cell. Tax activities implicated in the malignant process, with emphasis on those supported by studies on both Tax-1 and Tax-2 will be discussed in more detail below. shown. Highlights the HTLV-2 mRNA species, including at least seven mRNAs. The genomic unspliced mRNA encodes the Gag, Pol, and Pro proteins. In addition to the unspliced species, three singly spliced mRNAs contain exon 1 (nt 1-134) linked to splice acceptor sites at 4729 (Env), 6629 (p28, p22/p20), or 6899 (p28, p22/p20). The major doubly spliced mRNA encodes Tax/Rex and contains exons 1 and 2 (nt 4729-4868) linked to a splice acceptor at position 6899. The other doubly spliced mRNAs contain exons 1 and 2 linked to a splice acceptor at 6629 or 6491; their protein products are less characterized HTLV-1 and HTLV-2 biology G Feuer and PL Green Investigation of HTLV cell tropism in infected patients has indicated that HTLV-1 has a preferential tropism for CD4 þ T cells in both asymptomatic patients and those with neurological disease (Richardson et al., 1990) . More recently, studies demonstrated that CD8 þ T cells are an additional viral reservoir in vivo for HTLV-1 in HAM/TSP patients (Nagai et al., 2001) . In vitro, it has been shown that Tax-mediated transcription of HTLV-1 is significantly increased in purified CD4 þ versus CD8 þ T cell subsets (Newbound et al., 1996) . This is consistent with the hypothesis that this enhanced rate of transcription ultimately is responsible for the cell tropism and the leukemogenic potential of HTLV-1.
HTLV-2 in vivo tropism appears to be less clear. One in vivo study indicated that HTLV-2 has a preferential tropism for CD8 þ T cells (Ijichi et al., 1992) , whereas others have detected HTLV-2 in both CD4 þ and CD8 þ T cell subsets with a greater proviral burden in CD8 þ T cells (Miyamoto et al., 1991; Lal et al., 1993a) . In contrast to HTLV-1, both purified CD4 þ and CD8 þ T cells are equally susceptible to HTLV-2 infection and subsequent viral gene expression (Wang et al., 2000) . However, coculture of irradiated HTLV-2 producer cells with PBMCs or purified T cell subsets resulted in preferential transformation of CD8 þ T cells (Wang et al., 2000; Ye et al., 2003) . The first viral recombination studies exchanging the tax/rex genes of HTLV-1 and HTLV-2 infectious molecular clones recently were performed in an attempt to identify the genetic basis for this distinct transformation tropism. The results showed that the gene exchanges were well tolerated by the viruses. However, the Tax and overlapping Rex sequences did not confer the distinct transformation tropisms of HTLV-1 and HTLV-2 (Ye et al., 2003) suggesting the contribution of other viral genes or sequences.
Another difference in HTLV-1 and HTLV-2 cellular transformation involves the Jak/STAT activation pathway, which has been shown to be constitutively activated in several hematopoietic malignancies, including HTLV-1-associated adult T cell leukemia (Takemoto et al., 1997) . T cells transformed by HTLV-1 exhibited constitutive Jak/STAT activation and this activation correlated with the transition from IL-2-dependent to IL-2-independent phase of growth. Interestingly, examination of the activation status of T cells transformed by HTLV-2 and STLV-2pan-p revealed that the Jak/STAT signaling pathway is not activated in any of the HTLV-2/STLV-2-transformed T cell lines examined, but this pathway could be induced upon IL-2 treatment of the cells (Mulloy et al., 1998) . These results suggest that HTLV-2 and the cognate virus STLV-2 from Pan paniscus transforms T cells in vitro by mechanisms at least partially different from those used by HTLV-1.
Role of tax in HTLV pathogenesis
It remains unclear as to why infection with HTLV-1 is more pathogenic in comparison to infection with HTLV-2. It has been hypothesized that this differential pathogenic potential might be attributable to differences in the respective Tax activities. The HTLV-1-encoded transactivator Tax (Tax-1) and the HTLV-2 Tax (Tax-2) have B78% homology at the amino acid level and display many properties characteristic of viral oncoproteins. Furthermore, strong evidence supports the premise that Tax plays an important role in HTLV pathogenesis. HTLV Tax is expressed early after infection and is a transactivator of viral gene expression. Tax increases transcription of the viral promoter by exploiting the cyclic-AMP-response element (CRE) and activating transcription factor (ATF) binding proteins (CREB/ATF) family of transcription factors (Zhao and Giam, 1992; Wagner and Green, 1993; Adya et al., 1994; Anderson and Dynan, 1994; Bantignies et al, 1996; Yin et al., 1995b) . Tax facilitates the binding of these proteins to the nonpalindromic consensus cAMP response element (CRE) sequences contained within the 21 bp repeats in the HTLV promoter (Adya et al., 1994; Yin et al., 1995a) . Formation of the Tax/CREB/ promoter bound ternary complex appears to be critical for the recruitment of the multifunctional CBP/p300 coactivators and their associated cellular coactivator PCAF, which physically interacts with Tax, ultimately resulting in efficient viral transcription. Tax also modulates the expression of cellular genes, and many cellular transcription factors including serum response factor (SRF), NFkB, and bHLH proteins have been implicated in this interaction. Of the factors targeted by Tax, NFkB clearly plays a prominent role in deregulation of cellular gene expression. Tax induces the nuclear expression of members of the NFkB family of transcription factors, which leads to expression of many gene promoters containing NFkB motifs (Lacoste et al., 1991; Lindholm et al., 1991; Li et al., 1993; Kanno et al., 1994; Brockman et al., 1995; Maggirwar et al., 1995; McKinsey et al., 1996) . These genes include those encoding interleukin-2 (IL-2), IL-2 receptor a (IL2Ra), IL-3, GM-CSF, as well as HIV-1 (Siekevitz et al., 1987; Ballard et al., 1988; Leung and Nabel, 1988; Wano et al., 1988; Bo¨hnlein et al., 1989; Nimer, 1991) . The ability to transcriptionally activate a variety of cellular genes, including proto-oncogenes, is a key mechanism by which Tax is thought to modulate cellular transformation. Four subtypes of HTLV-2 (A to D) have been described that encode slightly variable Tax proteins. Tax-2B, 2C, and 2D are similar, but not identical, in length (356, 356, 344 amino acids, respectively), whereas Tax-2A is shorter (331 amino acids). Tax-1 (353 amino acids) and Tax-2 isolates have shown a remarkable similarity with respect to transcriptional transactivation via CREB/ATF and NFkB pathways (Ross et al., 1997; Lewis et al., 2002) . Mutational analysis and aminoacid sequence alignment have indicated that the domains important for transactivation through CREB/ ATF or NFkB signaling pathways are similar, but not identical, in Tax-1 and Tax-2 (Figure 2 ) (Smith and Greene, 1990; Semmes and Jeang, 1992; Ross et al., 1997) .
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Role of NFjB and CREB/ATF in HTLV Tax-mediated transformation
A number of mutations in Tax-1 and Tax-2 have been described that selectively abrogate the ability of Tax to activate transcription through defined molecular pathways. These mutants have been invaluable for dissecting cell signaling pathways and for determining the interplay between Tax and cellular transformation. Mutants of Tax-1 that have been used substantially and have been the most informative regarding function are termed Tax M47 and Tax M22 (Smith and Greene, 1990) . Tax M47 does not activate CREB/ATF responsive promoters, but maintains the capacity to activate NFkB promoters; Tax M22 activates CREB/ATF promoters, but fails to activate NFkB. Extensive mutational analysis of Tax-2 mapped and characterized identical mutations (Ross et al., 1997) . Several approaches have been used to evaluate domains of Tax-1 required to immortalize/transform rodent cell lines or primary human T cells. These analyses have yielded conflicting results as to whether Tax-1 activation of CREB/ATF or NFkB pathway is critical for cellular transformation (Smith and Greene, 1991; Akagi et al., 1997; Rosin et al., 1998; Iwanaga et al., 1999; Robek and Ratner, 1999) . More recently, a unique HTLV-2 provirus (HTLVc-enh), which replicates by a Tax-independent mechanism due to replacement of the TRE with the cytomegalovirus immediate-early promoter enhancer (Ross et al., 1996) , was utilized to identify the respective roles of the CREB/ATF or NFkB signaling pathway in HTLV-2-mediated transformation of primary human T lymphocytes. The advantage of using the novel HTLVc-enh for these studies is that viral gene expression and replication is not significantly disrupted by mutations in Tax-2. Results from these studies demonstrated that Tax-2 activation of both NFkB and CREB/ ATF is required to induce IL-2 independent T lymphocyte transformation. These data are consistent with the conclusion that the activation of NFkB provides a critical proliferative signal early in the cellular transformation process. HTLVc-enh containing a mutant Tax that fails to activate NFkB is indistinguishable in phenotype from a Tax knockout virus. It appears that CREB/ATF activation by Tax is required to promote sustained cell growth and IL-2-independent cellular transformation (Ross et al., 2000) .
Tax and cell cycle dysregulation . Infection with HTLV-1 has been shown to be capable of influencing G 1 /S transition as well Lemoine and Marriott, 2001; . Tax induces T-cell proliferation in the absence of appropriate signals and dysregulation of cellular gene expression important for cell growth and cell cycle progression has been hypothesized to be the molecular basis for cellular transformation. Tax-1 modifies the cell cycle, by directly binding CDK-4 and CDK-6 and their inhibitors such as p16 INK4a . Several cellular genes are also transcriptionally repressed by Tax-1 including b-polymerase, lck, p18 INK4c gene, bax, cyclin 1A, cyclin D3, p53 and myb (Jeang et al., 1990; Uittenbogaard et al., 1995; Brauweiler et al., 1997; Lemasson et al., 1997; Suzuki et al., 1999a; Riou et al., 2000; Kibler and Jeang, 2001) . Experimental evidence has shown that the mechanisms of repression include modulation of bHLH factors, NFkB, or direct competition between Tax and cellular transcription factors for limiting intracellular CBP/p300. Thus, Tax-1 affects G 1 /S transition by overriding cell cycle control regulation and releasing cells from growth arrest.
Tax-1 also has been documented to induce cell cycle arrest (Lemoine and Marriott, 2001; Van et al., 2001; Liang et al., 2002; . HTLV-1-infected T-cell lines have a characteristic expression pattern of cell cycle regulatory genes, distinct from that of uninfected T cells. HTLV-1-infected T cells preferentially express cyclin D1 and D2, as well as high levels of the CDK inhibitors p16 INK4 and p21 cip1/waf1 (Akagi et al., 1996; Mori et al., 2002) . p21 cip1/waf1 is a CDK inhibitor, forms part of the cyclin D1/CDK2/PCNA complex and has been shown to be transcriptionally upregulated by Tax-1 (Yamada et al., 1994; de La Fuente et al., 2000; Sieburg et al., 2004) . Overexpression of p21 cip1/waf1 inhibits two critical checkpoints in the cell cycle, namely G 1 and G 2 , via p53-independent and -dependent pathways (Macleod et al., 1995) . Tax-2 also activates expression of the p21 cip1/waf1 promoter, although at much more modest levels (B25 to 35%) as compared to Tax-1 (de La Fuente et al., 2000; Sieburg et al., 2004) . Tax-1 also can induce arrest of cells at G 2 /M (Liang et al., 2002; . De novo expression of Tax-1 using lentivirus vectors recently has been shown to arrest cells at G 2 /M by interaction with Chk2 tumor suppressor protein . Although induction of cell cycle, arrest by an oncoprotein may seem counterintuitive, Tax clearly dysregulates the cell cycle although the precise end point of perturbation is cell type dependent. The observation that HIV-1 Vpr also is capable of G 2 arrest, suggests HTLV is not unique in its ability to dysregulate cell cycle and that control of cell cycle progression may be an advantage to virus replication.
Cell lines stably transduced to express Tax-1 or Tax-2 have recently been shown to be a useful model system to directly compare the roles of constitutive Tax-1 and Tax-2 expression on cellular proliferation kinetics. Studies using Jurkat cells that constitutively express Tax-1 or Tax-2 demonstrated reduced cellular proliferation kinetics, although Tax-1 displayed a more robust effect on reducing cell proliferation kinetics in comparison to cells expressing Tax-2. In addition, formation of binucleated and multinucleated lymphoid cells was detected in Tax-1-expressing Jurkat cell lines (Liang et al., 2002; Sieburg et al., 2004) . Tax-2-expressing cells also demonstrated multinucleated cells, but to a lesser degree than Tax-1 cells. The abnormal cellular morphology suggests that Tax-1 and Tax-2 may block progression or completion of mitosis or cytokinesis and bolsters the tenet that Tax-1 and Tax-2 disrupt cell cycle checkpoints resulting in unscheduled S phase entry and accumulation of DNA damage (Lemoine and Marriott, 2001; Marriott et al., 2002) .
Although investigations of Tax-1 and Tax-2 function in transformed cell lines have been useful and convenient, it is more appropriate and critical to ascribe the functions of these oncoproteins in cell types most likely to be encountered by the virus, particularly with respect to the characterization of dysregulation of the cell cycle. Recently, the role of Tax-1 and Tax-2 in cell cycle progression has been documented in primary human hematopoietic CD34 þ progenitor cells (HPCs), a heterogeneous cell population that includes hematopoietic stem cells (HSCs). Hematopoiesis is a tightly regulated process involving self-renewal, expansion of lineage-committed progenitors and maturation into terminally differentiated cells. HSCs generally are quiescent, which is critical to prevent exhaustion under conditions of stress. HSCs are subject to strict regulation of cell division and differentiation during normal development and, thus, are exquisitely sensitive to perturbation of the cell cycle by oncoproteins. Lentivirus-mediated transduction of Tax-1 in HPCs suppressed hematopoiesis in vitro and led to increased cell cycle arrest in G 0 /G 1 . Tax-1 transduced HPCs displayed concomitant activation of endogenous p21 cip1/waf1 and p27 kip1 expression (Tripp et al., 2003) (Tripp and Feuer, unpublished observations) . Interestingly, Tax-2 failed to arrest HPCs in G 0 /G 1 , failed to suppress hematopoiesis and did not detectably modulate endogenous p21 cip1/waf1 and p27 kip1 gene expression. The dramatically different phenotypes displayed by Tax-1 and Tax-2 in primary hematopoietic cells with respect to cell cycle progression prompts speculation that HTLV-1 may be more effective at facilitating viral latency in vivo following infection of HPCs and HSCs and these infection events may contribute to the distinct pathogenesis of HTLV-1 and HTLV-2.
Differential modulation of apoptosis by Tax-1 and Tax-2
Apoptosis is an active physiological process that plays an essential role in the elimination of virus-infected or cancerous cells. Previous evidence suggested that imbalances between cellular death-inducing and proliferation pathways significantly contribute to oncogenesis. Defects in the mechanisms controlling apoptosis play a HTLV-1 and HTLV-2 biology G Feuer and PL Green major role in the pathogenesis of cancer and neurodegenerative and immunological diseases. Therefore, it is not entirely surprising that Tax-1 and Tax-2 have been reported to prevent induction of apoptosis or programed cell death (PCD). Although Tax-1 plays an essential role during the immortalization of CD4 þ T lymphocytes and is invariably integrated in ATL cells, numerous studies have shown that persistent Tax expression is toxic to cells and is associated with apoptosis in nonlymphoid as well as lymphoid-derived cell lines (Yamada et al., 1994; Chlichlia et al., 1995; Nicot et al., 1997; Los et al., 1998; Nicot and Harrod, 2000) . Tax-1 has been shown to induce apoptosis in Jurkat cells (Chlichlia et al., 1995; Los et al., 1998; Rivera-Walsh et al., 2001) , Rat-1 (Tanaka et al., 1990) , human endothelial cells (Nicot et al., 1997; Nicot and Harrod, 2000) and sensitizes cells to apoptosis following DNA damage by UV irradiation (Kao et al., 2000) . Jurkat cell lines that constitutively express Tax-1 or Tax-2 had significantly down-modulated Tax expression during cell expansion in vitro, suggesting that elevated levels of Tax are detrimental for cellular replication and survival (Sieburg et al., 2004) . Previous difficulties in the generation of stably transduced Tax cell lines may reflect the elevated sensitivity to apoptosis demonstrated by clonal cells that express high levels of Tax during drug selection coupled with decreased cellular proliferation kinetics displayed by Tax-transduced cells. In animal models, tumor cells derived from Tax-1 transgenic mice had enhanced levels of apoptosis (Hall et al., 1998) and neuronal cells showed enhanced apoptosis in HTLV-1-infected WKAH rats that displayed myeloneuropathy (Ohya et al., 1997) .
Expression of Tax-1 and Tax-2 has been shown to protect cells from PCD. Specifically, Tax-1 protects cells from apoptosis following serum starvation (Liang et al., 2002; Sieburg et al., 2004) by upregulation of Bcl-2 and repression of Bax (Brauweiler et al., 1997; Tsukahara et al., 1999; . Both Tax-1 and Tax-2 inhibit apoptosis in Jurkat cells and in murine fibroblasts following serum deprivation (Saggioro et al., 2001; Sieburg et al., 2004) . Tax-2 has been shown to protect cells from Fas-mediated apoptosis by upregulation of Bcl-XL expression (Zehender et al., 2001) . In contrast, Tax-1 uniquely confers resistance to apoptosis following treatment of cells with the topoisomerase inhibitors camptothecin or etoposide (Sieburg et al., 2004) . The ability of Tax-1 to protect cells from a broad range of PCD stimuli and from apoptosis due to DNA damage may be a critical distinguishing component of the association of HTLV-1 with leukemogenesis , particularly since Tax-1 has been associated with increased DNA damage and the accumulation of mutations (Gatza et al., 2003) . The more robust ability of Tax-1 to protect cells from apoptosis could reflect the ability of HTLV-1 infected lymphocytes to persist in vivo and undergo further mutagenic events leading to full transformation. The role of Tax-1 in modulation of apoptosis clearly is celltype dependent and ultimately could provide an environment conducive to viral replication.
Distinct Tax-1 and Tax-2 activities
To date, infection with HTLV-2 has not been conclusively associated with the development of ATL-like malignancies as those seen with HTLV-1 infection. This is intriguing from the perspective that HTLV-1 and HTLV-2 share a high degree of sequence homology, particularly in the Tax region and that both viruses have the capability of immortalizing T cells in vitro. Distinct phenotypic differences between Tax-1 and Tax-2 have been documented in certain cell culture model systems. These differences have been the focus of speculation as to why HTLV-1 and not HTLV-2 is associated with disease. Tax-1 and Tax-2 display a differential ability to induce cellular gene transcription (Tanaka et al., 1990; Ejima et al., 1993; Lal et al., 1993b; Mori and Prager, 1996; Ye et al., 2003) . For example, Tax-1 has been shown to have a higher intrinsic transactivation activity for the viral LTR than Tax-2 (Ye et al., 2003) . This would not only increase viral gene expression and infectivity but also would enhance expression of cellular genes responsive to Tax. Tax-1 has been shown to induce micronuclei formation, a marker for genetic instability. Genetic instability correlates well with biological findings of DNA damage in ATLL cells (Semmes et al., 1996) . Micronuclei induction capacity maps to the carboxyl amino acids of Tax-1. Interestingly, Tax-2 isolates that are missing the carboxy terminus of Tax-1 (Tax-2A) or contain unrelated amino acids (Tax-2C or -2D) display a significantly less capacity to induce micronuclei. More recently, Tax-2 was shown to be impaired for the inhibition of p53 functions in comparison to Tax-1 . Tax-2 also was shown to be less efficient at transforming rat embryo fibroblasts in vitro, in comparison to Tax-1 (Endo et al., 2002) . HTLV-2-transformed lymphoid cell lines (JLB-II) demonstrated lower tumorigenic potential in comparison to HTLV-1 transformed cells (SLB-1) when inoculated into SCID mice (Feuer et al., 1995) . Results in a recent report demonstrated that while Tax-1 is localized to the cytoplasm and the nucleus, a 10 amino acid domain unique to Tax-2 is responsible for the predominant cytoplasmic localization of Tax-2 (Meertens et al., 2004) . Collectively, the phenotypes displayed by Tax-2 in these models are consistent with Tax-2 retaining a less robust transformation potential in comparison to Tax-1. Furthermore, the ability of Tax-1 to induce G 0 /G 1 cell cycle arrest in HPCs and suppress hematopoiesis, in distinct contrast to Tax-2, allows speculation that the fate of infected HPCs following HTLV-1 and HTLV-2 infection may be fundamentally different in vivo (Tripp et al., 2003; Feuer, unpublished observations) .
Role of Tax-1 C-terminus in transformation
The C-terminus of Tax-1 recently has received much attention concerning domains that differentiate it from Tax-2. The C-terminal 53 amino acids of Tax-1 were HTLV-1 and HTLV-2 biology G Feuer and PL Green shown to be responsible for increased transformation efficiency in rodent fibroblasts and increased micronuclei induction; this region is noticeably absent in Tax-2A and significantly different in the other Tax-2 isolates. A PDZ binding motif (PBM) has been identified in this C-terminal fragment of Tax-1 and is absent in Tax-2 (see also Hall and Fujii, this issue) . The PDZ domain was named after the first identified PDZ-containing proteins, postsynaptic density protein (PSD-95), Drosophila discs large protein (DLG) and epithelial tight junction protein (Zonula Occludens-1). It is one of the protein-protein interaction modules commonly used in eukaryotic cells. PDZ domain-containing proteins play a key role in recruiting and organizing the appropriate proteins to sites of cellular signaling, as well as polar sites of cellcell communication (Fanning and Anderson, 1999; Harris and Lim, 2001; Sheng and Sala, 2001 ). Tax-1 has been shown to interact with the human homolog of Drosophila neoplasia related protein, hDLG (Rousset et al., 1998) . Tax-1 competes with the binding domain of hDLG and APC tumor suppressor protein and rescues cells from cell cycle arrest induced by hDLG (Suzuki et al., 1999b) . Additional studies have implicated other cellular PDZ domain-containing proteins as Tax-1 targets, such as precursor of interleukin-16 (pro-IL-16) and a membrane-associated guanylate kinase (MAGUK) with inverted orientation (MAGI)-3. Pro-IL-16 is an abundant protein constitutively expressed in human peripheral blood T cells that can induce cell growth arrest. MAGI-3 belongs to the same MAGUK family as hDlg and has been implicated in several cellular signaling pathways involved in cell survival as well as cell polarity (Wu et al., 2000; Adamsky et al., 2003; Wilson et al., 2003; Ohashi et al., 2004; Yao et al., 2004) .
A chimeric Tax-2 encoding the last 53 amino acids of Tax-1 (Tax221), which contains the PBM, demonstrated an increased transforming potential in rat fibroblast cells (Endo et al., 2002) . It was demonstrated further that deletion of only the PBM from Tax-1 led to reduced transformation activity in rat fibroblasts (Hirata et al., 2004) . Transduction of Tax221 into HPCs results in suppression of hematopoiesis in vitro and induction of p21 cip1/waf1 and p27 kip1 expression. This suggests that domains in the C terminus of Tax-1 contribute to suppression of hematopoiesis and transcriptional transactivation of endogenous genes that regulate the entry of HPCs into the cell cycle (Feuer, unpublished results) .
Recently, the contribution of the Tax-1 PBM to HTLV-induced proliferation and immortalization of primary T cells in vitro and viral survival in an infectious rabbit animal model was investigated. Coculture microtiter proliferation assays revealed that the Tax-1 PBM significantly increased both HTLV-1-and HTLV-2-induced primary T-cell proliferation. In addition, Tax-1 PBM was shown to be responsible for the micronuclei induction activity of Tax-1 relative to Tax-2. Viral infection and persistence were severely attenuated in rabbits inoculated with HTLV-1DPBM (Xie and Green, unpublished results). Together, these studies imply that the PBM of Tax-1 and its interacting partners, the cellular PDZ domain containing proteins, are a major determinant of the differences in pathogenicity between HTLV-1 and HTLV-2.
Conclusions
HTLV-1 and HTLV-2 can efficiently immortalize and transform T lymphocytes in vitro and persist in infected individuals or experimental animals. HTLV-1 infection leads to leukemia and HAM/TSP, whereas HTLV-2 is associated with only a few cases of disease. The differences between these two viruses, focusing primarily on the Tax oncoproteins, have been highlighted in this review. These differences likely provide the basis for the different clinical manifestations of these two viruses. Further comparative studies in the context of infectious molecular clones in primary human T cells in vitro and relevant animal models will be required to understand the multistep leukemogenic process associated with HTLV-1 infection.
